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We measure the linewidth of structures fabricated by local oxidation lithography on silicon surfaces.
Two different structures, isolated and arrays of parallel lines have been generated. The oxide
structures have been fabricated in the proximity of sexithiophene islands whose size is comparable
to the oxide motives. The comparison between local oxides and sexithiophene islands reveals that
atomic force microscopy ~AFM! images faithfully reproduce the size and shape of local silicon
oxides. The oxide lines have a trapezoidal shape with a flat section at the top. AFM images of the
oxide structures show rather small slopes ;0.05– 0.15 which imply angles with the horizontal
between 3° and 8°. The shallow angles imply a minimum feature size of 14 nm at the base for an
oxide thickness of 1 nm. Linewidths of 7 nm and 20 nm at the top and base, respectively, have been
fabricated. We have also demonstrated the ability to pack structures with a periodicity of 13
nm. © 2002 American Institute of Physics. @DOI: 10.1063/1.1501753#I. INTRODUCTION
Nano-oxidation or local oxidation of semiconductor and
metallic surfaces by atomic force microscopy ~AFM! is
emerging as a reliable and versatile lithographic method for
fabrication of devices and patterning of structures at nanom-
eter scale.1–4 A variety of materials have been locally oxi-
dized such as silicon,5 silicon nitride,6 GaAs,7 titanium,8
niobium,9 aluminum,10 carbonaceous films,11 and organic
monolayers.12
The strong activity devoted to this lithography has al-
lowed us to identify the relevant factors affecting the oxida-
tion process. Among the key factors controlling the oxide
growth are the production of charged defects within the
oxide,5 the formation of a liquid bridge,4 the voltage and
pulse duration,13,14 and the cantilever force constant.15 The
present knowledge allows us to establish some similarities to
conventional anodic oxidation. The AFM tip is used as a
cathode and the water meniscus formed between tip and sur-
face is the electrolyte. The strong localization of the electri-
cal field lines near the tip apex gives rise to a nanometer-size
oxide dot.
In parallel to fundamental studies,4,5,14–16 several
nanometer-scale devices such as single electron3 and
metal–oxide1 transistors, quantum wires,2 high density
memories,4,17 and Josephson junctions18 have illustrated
some of the nanoelectronic applications. Machining of sili-
con structures has also been demonstrated by AFM
oxidation.19 Furthermore, local oxidation lithography is com-
patible with the operation of parallel tip arrays.20 This opens
the possibility to pattern cm2 surfaces with nanometer-size
motives.
In view of the range of device applications, it is surpris-
ing to realize that few contributions, if any, have been de-
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oxidation lithography. Nonetheless, sub-10 nm feature sizes
have been claimed several times. Garcia et al.4 have fabri-
cated arrays of thousands of dots with a periodicity of 40 nm.
Image reconstruction of individual dots allowed them to es-
timate the width of the dot in the 5–15 nm range. Cooper
et al.17 have used single-wall carbon nanotube tips to gener-
ate arrays of dots with a periodicity of 20 nm on titanium
surfaces. That result suggests a dot size below 20 nm. Gotoh
et al.21 have fabricated two parallel lines on titanium sur-
faces. A cross section revealed a triangular shape with a line-
width of 7 nm at half maximum. These results definitely
illustrate some sub-10 nm potential, however, in many cases
the measurements were obtained directly from AFM images
with no or little consideration for the influence of the tip on
the measurements. For example, our previous results4 were
based on an image reconstruction process that involved
spherical tips of 51 nm of radius. Those values were obtained
by calibrating the tip with semiconductor dots of about 10
nm in height, i.e., several times higher than the oxide struc-
tures. Because the nonlinear character of the imaging process
in AFM, it seems questionable to extrapolate tip radius val-
ues obtained by calibrating the tip with structures of different
sizes.
The definition of lateral resolution in AFM is, in itself, a
delicate issue because the nonlinear character of the imaging
process. Furthermore, due to the finite tip size, an AFM im-
age is a combination of the shape of the probe and the shape
of the object. This implies that to obtain faithful lateral mea-
surements, the AFM image should be reconstructed which
implies the determination of the tip geometry. This is cer-
tainly a sophisticated and time consuming process. To sim-
plify things, we have opted to fabricate the structures in the
proximity of an object of known shape.
Here, we explore the feature size of local oxides on sili-
con surfaces imaged by AFM. We have chosen to generate
single, and arrays of, oxide lines. On the one hand, lines5 © 2002 American Institute of Physics
o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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more general results. On the other hand, lines are more rep-
resentative of the kind of elements needed to fabricate de-
vices by local oxidation lithography.
The article is organized as follows. In Sec. II, the experi-
mental details are described. The fabrication and measure-
ment of single lines are described in Sec. III. Section IV
addresses the potential of local oxidation to fabricate sets of
parallel lines. Finally, in Sec. V, a discussion and the main
conclusions of this contribution are summarized.
II. EXPERIMENTS
The experiments are performed with an AFM operated in
noncontact mode. The microscope was equipped with addi-
tional circuits and power supply to perform the oxidation.
Silicon cantilevers, n1 doped with a resistivity in the 0.01–
0.025 V cm range ~Nanosensors, Germany! were used. The
average force constant (kc) and resonance frequency ( f 0)
were about 34 N/m and 300 kHz, respectively. The samples
were p-type Si~100! with a resistivity of 15 V cm. For envi-
ronmental control, the microscope was placed into a closed
box with inlets for dry and H2O saturated nitrogen. Due to
exposure to air, the silicon surface has a native oxide layer of
about 2 nm. However, the native oxide does not interfere
with local oxidation processes.
Amplitude modulation AFM operation conditions were
determined by recording amplitude and phase versus dis-
tance curves. In all cases, a set point amplitude value belong-
ing to the low oscillation branch was chosen ~noncontact
operation!. Theoretical as well as experimental details about
amplitude modulation AFM operation can be found
elsewhere.22,23
Several parameters control feature size in noncontact
AFM oxidation such as meniscus diameter, pulse duration,
and voltage strength. Meniscus size is controlled by the tip
geometry, electrical field, and tip–surface separation. We
have chosen a combination of relative high voltages and
short pulses to generate the oxides as a means to optimize
their aspect ratio.14
Our protocol distinguishes two different uses of the
AFM, imaging, and modification. Toward that purpose, we
have used silicon samples with photolithography markers.
Those markers allow the positioning of the tip in a selected
region of the sample. To minimize the convolution effects of
the tip, we have used several tips for the topographic char-
acterization of the local oxides. The tips have been selected
by imaging gold colloidal particles of 8 nm in diameter.
From those measurements, we inferred that the tips used here
have a curvature radius between 12 to 25 nm. Furthermore,
the tips have been recalibrated by imaging sexithiophene
molecules ~6T! placed close to the oxide structures. Under
certain conditions, those molecules form monolayer islands
of 2.4 to 3 nm in height.25
In this contribution, we have measured the linewidths of
isolated and interdigitated lines. Isolated lines allow us to
determine the absolute value of the local oxide feature size,
while the fabrication of interdigitated lines provide a proce-
dure to discuss the ability of local oxidation nanolithographyDownloaded 11 Jun 2010 to 161.111.235.252. Redistribution subject tto integrate features in a device. We have fabricated single
oxide lines of 200 nm in length. To measure its width, im-
ages of 150 nm with 512 acquisition data points were taken.
That means a pixel size of 0.3 nm. Each line is generated by
applying a sequence of voltage pulses. Between pulses the
tip is laterally displaced 3.5 nm.
III. LINEWIDTH OF SINGLE LINES
Figure 1 shows an AFM image of a single oxide line of
200 nm in length. To fabricate such a line, a sequence of 57
pulses of 24.7 V and 80 ms were applied. This line is repre-
sentative of the sharpest lines obtained with the present pro-
tocol. The sample roughness and/or small tip–surface sepa-
ration changes during the oxidation could be the responsible
for the slight width variations observed along the line @see
Fig. 1~a!#. The cross section reveals a trapezoidal shape with
a flat region on top between 7 and 10 nm and a baseline
ranging between 20 and 26 nm. The slope of the line ~height/
width! ranges between 0.05 and 0.12. It depends on the ac-
tual cross section chosen. These values come directly from
unreconstructed AFM images. The question arises to which
degree those values represent the real oxide features.
Several procedures have been suggested to reconstruct
AFM images, however, all of them require the determination
of the tip shape.24 To determine whether or not the tip shape
introduces a distortion in the images of local oxide struc-
tures, we have fabricated lines close to sexithiophene ~6T!
islands. Those islands have vertical sidewalls with a lateral
variation estimated in 0.5 nm, i.e., they could be considered
as perfectly vertical when the lateral scale involves tens of
nanometers.
Figure 2 shows a cross section of two oxide lines in the
FIG. 1. ~a! AFM image of a single silicon oxide line. ~b! and ~c! cross
sections along the dashed lines shown in ~a!. The line was generated by
applying a succession of pulses of 24.7 V and 80 ms.
FIG. 2. Cross section along two oxide lines fabricated in the proximity of a
6T monolayer island.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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lines is 0.09, i.e., very close to previous values. However, the
monolayer island shows an average slope of 0.23, i.e., about
a factor 2.5 higher than the one corresponding to the oxide.
Because the lines and 6T monolayer have similar heights, 2.4
versus 3 nm, respectively, the values measured in the oxide
structures could not be attributed to any tip–sample convo-
lution effect. Consequently, we conclude that unrecon-
structed AFM images of the oxide lines reflect their real
lateral values.
IV. INTERDIGITATED LINES
To determine the potential of local oxidation lithography
to integrate devices and connections, we have measured the
linedwidth of interdigitated lines. Figure 3~a! shows a set of
23 interdigitated lines. Each line has been obtained by apply-
ing a sequence of 285 pulses of 21 V for 1 ms. The lines are
slightly shifted toward the right-hand side of the image. This
is due to the creep of the x – y scanner. A closeup of the
interdigitated area shows the line edges and their interspac-
ings @Fig. 3~b!#.
Figure 4~a! shows a high-resolution image of the central
region marked in Fig. 3~b!. The cross section shows the se-
quence of peaks and valleys of the parallel array @Fig. 4~b!#.
The average slope obtained from the image is 0.04, i.e.,
FIG. 3. AFM images of a set of 23 interdigitated lines placed 43 nm apart.
~a! Full view of the structure. ~b! Interdigitated area. The lines were obtained
by applying a sequence of pulses of 21 V for 1 ms.Downloaded 11 Jun 2010 to 161.111.235.252. Redistribution subject tslightly smaller than the values measured in isolated lines.
On the other hand, the spatial spectrum shows a sharp peak
at 43 nm.
Similar results can be obtained by halving the line spac-
ing. Figure 5~a! shows an AFM image of 18 interdigitated
lines. Each line has been obtained by applying a sequence of
87 pulses of 21 V for 80 ms. Between pulses, the tip is
laterally displaced 3.5 nm. The average slope is of 0.08. The
spatial spectrum of the cross section shown in Fig. 5~b! has a
dominant and sharp peak at 19.5 nm @Fig. 5~c!#. The domi-
nance of the 19.5 nm peak demonstrates the reliability of
local oxidation to pattern sub-20 nm motives.
A higher packing density has been achieved by writing a
set of 19 lines with a separation of 13 nm ~Fig. 6!. Each line
has been obtained by applying a sequence of pulses of 24.7
V for 80 ms. The lines are hardly resolved in the AFM image,
although clearly visible in the average cross section @Fig.
6~b!#. The average slope is of 0.1 in this case.
V. DISCUSSION AND CONCLUSIONS
There is not yet an accepted definition on the pattern or
structure more convenient to determine the minimum feature
FIG. 4. High-resolution image of the area marked in Fig. 3~b!. ~b! Cross
section along the dashed line of ~a!. ~c! Spatial spectrum. The sharp peak at
43 nm illustrates the strong spatial periodicity.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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thors have fabricated single or array of dots to determine
feature sizes. Here, we have chosen lines because they are
more representative of the kind of motives needed for device
applications. In general, to deduce the minimum feature size
of a patterned structure involves several steps. First, to esti-
mate the tip curvature radius and, second, to reconstruct the
object shape from the AFM image and the tip geometry.
To determine the size and shape of the oxide lines as
well as to estimate the distortion introduced by the tip in the
AFM image, we have fabricated some oxide lines close to
molecules ~6T! of well defined side walls and with heights
similar to the oxide lines. The side walls of 6T molecules can
be considered vertical except for the incertitude of the lateral
extension of the molecular orbitals. We assume a higher limit
for the lateral extension of 0.5 nm.
Figure 2 shows that the slope of 6T islands is higher than
those of the oxide lines by a factor 2.5, ;0.23 versus 0.09,
respectively. The difference observed between the slope of
the 6T molecule and its ideal value (;50) allows one to
FIG. 5. ~a! AFM image of a set of 18 interdigitated lines. ~b! Cross section
along the dashed line in ~a!. ~b! The Fourier transform of ~b! reveals a
periodicity of 19.5 nm. The lines were obtained by applying pulses of 21 V
and 80 ms.Downloaded 11 Jun 2010 to 161.111.235.252. Redistribution subject tdeduce a curvature radius of the tip of 12 nm. The deduction
uses exclusively geometrical arguments. It does not consider
the long-range character of interaction forces in noncontact
AFM. Nonetheless, such a difference allow us to conclude
that unreconstructed AFM images of oxide lines provide a
faithful description of their shape and size. This is further
supported by the observation that, in some cases, the slope of
the lines is not uniform. Sharper sections are observed, for
example, in Fig. 1~c!. In general, the cross section reveals
trapezoidal shape with a flat section at the top. This conclu-
sion is further supported by measurement of the slopes of
hundreds of oxide lines and dots taken over a period of two
years. More than 20 tips have been used in the process. In all
cases, the slopes belong to the 0.05–0.15 interval. From the
slope measurements, we deduce that the angle of the oxide
structure and flat substrate is between 3° and 8°. Those val-
ues impose, for an oxide height of 1 nm, a minimum feature
size at the baseline of 14 nm. The trapezoidal shapes and
slope values deduced from AFM images are, on the other
hand, consistent with cross-sectional electron microscopy
images of local oxides obtained by operating the AFM in
contact mode and by using oxidation times about two order
of magnitude longer.26–27 From Morimoto et al.,27 the elec-
tron microscope pictures, show a slope of about 0.07 can be
obtained for a local oxide of 3.9 and 225 nm in height and
width, respectively. The slope values obtained from electron
microscopy images are within the range determined from
AFM images.
Figure 7 points out the limitations of AFM measure-
ments at half height @full width at half maximum ~FWHM!#
to describe packed structures. The proximity of the structures
and tip–line convolution effects prevent the tip from reach-
ing the substrate. As a consequence, the apparent height of
FIG. 6. ~a! AFM image of a set of 19 parallel lines placed 13 nm apart. ~b!
The cross section reveals a spatial periodicity of 13 nm. The lines were
obtained by applying a sequence of pulses of 24.7 V and 80 ms.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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smaller FWHM. The height difference between peaks and
valleys inside the pattern is about 0.3 nm; while between the
peaks and the flat substrate outside the pattern, the difference
is about 0.7 nm. This, in turn, may produce smaller FWHM
values for parallel arrays. For instance, FWHM values of 6
nm are obtained for the pattern of Fig. 5~b!; while for single
lines such as the one shown Fig. 1, we obtain a FWHM of
about 15 nm.
The sharpest silicon oxide structure ~lines and/or dots!
reported in literature has a slope of 0.15 which implies for a
local oxide thickness of 1 nm a linewidth of 14 nm at its
base. Does a minimum baseline width of 14 nm represent an
intrinsic limit in local oxidation nanolithography of silicon
surfaces? The individual factors that control the feature size
on silicon surfaces have been previously identified.4,5,13,16
Chiefly among them are the meniscus size, the spatial varia-
tion of the electrical field inside the liquid meniscus, the
lateral diffusion of the oxyanions, the space-charge buildup
during growth, and the three dimensional character of the
structures. However, it is not straightforward to separate
those factors experimentally. Furthermore, a model consider-
ing the interplay of those factors is still lacking. This, in turn,
makes it hard to design an experiment to go beyond the
feature size limit found here. We can not dismiss the possi-
bility of finding a clever combination of some of the afore-
mentioned factors to obtain smaller features.
In short, we have measured the linewidth of silicon–
oxide structures fabricated by local oxidation lithography
and imaged by AFM. We have contemplated two different
structures, isolated lines and packed structures. The struc-
tures have been fabricated in the proximity of an object of
known shape and size comparable to the oxide motives. The
comparison between local oxide structures and sexithiophene
islands reveals that AFM images faithfully reproduce the size
and shape of local silicon oxides. The oxide lines on silicon
have a trapezoidal shape with a flat section at the top. The
angle with the horizontal ranges between 3° and 8°. We
have produced linewidths of 7 nm and 20 nm at the top and
base, respectively. Shallow angles imply a minimum feature
size of 14 nm for an oxide protruding 1 nm from the surface.
FIG. 7. Cross section along the dashed line of Fig. 5~a!. The cross section is
extended beyond the patterned area to include the bare substrate.Downloaded 11 Jun 2010 to 161.111.235.252. Redistribution subject tThe very same reason, shallow angles allow one to pack
structures with a separation smaller than the linewidth at the
base. Arrays of lines have been packed with a periodicity of
13 nm.
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